The structure and binding energies of the van der Waals complexes of Ar and N 2 with phenol and its cation, studied by high level ab initio and density functional theory calculations J. Chem. Phys. 128, 044313 (2008) Optical and synchrotron x-ray diffraction diamond anvil cell experiments have been combined with first-principles theoretical structure predictions to investigate mixtures of N 2 and H 2 up to 55 GPa. Our experiments show the formation of structurally complex van der Waals compounds [see also D. K. Spaulding et al., Nat. Commun. 5, 5739 (2014)] above 10 GPa. However, we found that these N x H (0.5 < x < 1.5) compounds transform abruptly to new oligomeric materials through barochemistry above 47 GPa and photochemistry at pressures as low as 10 GPa. These oligomeric compounds can be recovered to ambient pressure at T < 130 K, whereas at room temperature, they can be metastable on pressure release down to 3. 
I. INTRODUCTION
Chemistry of the N-H system is quite rich resulting in a number of known compounds that include ammonia, hydrazine, tetrazene, hydrazinium, and ammonium azides. However, only ammonia is a stable compound at ambient pressure, while others that have N-N bonds are metastable. Accordingly, planetary models assumed that ammonia would constitute a substantial amount of the interior of giant planets such as Uranus and Neptune. 1 On the other hand, metastable N-H compounds (as well as other nitrogen-rich systems) at ambient pressure would be superior high energy-density materials (HEDM) due to the substantial energy difference between single and triple nitrogen-nitrogen bonds (e.g., Ref.
2) (167 vs 942 kJ/mole, respectively). Additionally, such materials have much lower environmental and safety hazards compared to conventional energetic materials as their primary decomposition product is molecular nitrogen (N 2 ) and they have higher thermal stability. Although an exclusively nitrogenous material (e.g., cubic gauche nitrogen, cgN 3 ) would be the ultimate HEDM, retaining it at nearly-ambient conditions proved problematic. Moreover, synthesis of such materials requires very high pressures and temperatures, making it unpractical. Large polynitrogen molecules have been theoretically predicted but experimental realization has not been demonstrated. [4] [5] [6] While synthesis of pure polymeric nitrogen at low pressures remains elusive, polymeric nitrogen-rich mixed materials would be a great alternative to commonly used explosives. There are numerous reports on synthesis of complex energetic materials containing chains of nitrogen atoms: N5, N8, and even N10 [7] [8] [9] and complex "salts" such as TAG-MNT, 10 but these materials require other elements for stabilization and their synthesis remains quite challenging. Nitrogen-rich, long-chain N-H systems appear to be the most attractive as they would be having the highest energy-density. In general, the presence of hydrogen tends to stabilize nitrogen compounds with low bond order (e.g., hydrazine). In addition, the thermodynamic and kinetic conditions, under which such longchain molecules can be formed, are not well understood.
Application of high pressure provides an alternative to pure chemical routes for making new N-H materials as it stabilizes distinctive bonding schemes, such as single N-N bonds. 11 Indeed, recent theoretical work using ab initio evolutionary structure search predicted a new polymeric (NH) 4 hydronitrogen solid, which is more stable than ammonium azide and trans-tetrazene (TTZ) at pressures higher than 36 and 75 GPa, respectively. 12 However, using only thermodynamic stimuli is often insufficient to create new materials because of large kinetic barriers that could exist between different bonding configurations, which may require high temperature 3 or radiation [13] [14] [15] to initiate the reaction. Previous experimental works on high-pressure behavior of N 2 -H 2 mixtures found anomalous behavior of the N 2 and H 2 Raman vibron modes compared to pure materials. 16, 17 Ciezak et al. 16 reported coexistence of two unidentified solid phases above 35 GPa, one of which was suggested to be amorphous based on a broadening of the Raman spectra and change in color. However, no definite conclusion about the chemical transformations could be made. Most recently, Spaulding et al. 18 independent to this study reported pressure-induced chemistry in a nitrogen-hydrogen host-guest structure. While their experimental results are similar to this work, they are interpreted differently.
In this work, we combined experiments and theory to address the questions raised about thermodynamic and kinetic stability of long-chain N-H compounds. We applied high pressure and irradiated the H 2 -N 2 molecular mixtures to investigate the stability limits of this system in comparison with pure H 2 and N 2 , which have been found to be stable to mbar pressures. We show that the N 2 -H 2 system at pressures as low as 47 GPa is prone to molecular dissociation and formation of an oligomeric and/or polymeric N-H compound even at room temperature. 19 This unusual behavior is a unique example of mechanochemistry-the coupling of chemical processes and intermolecular interactions 20, 21 (we will call it barochemistry here to avoid emphasizing anisotropic stresses which are characteristic of mechanochemistry); such phenomena have never been documented previously for simple diatomic molecules. Moreover, we find that application of a range of ultra-short pulses, from near ultraviolet (UV) (370 nm) to near infrared (IR) radiation (720 nm), causes a similar photochemical reaction even at 10 GPa. Our experimental observations are supported by the results of evolutionary and random structural searches, which show that oligomeric and/or polymeric N-H compounds of various stoichiometries become increasingly stable at high pressures. Our findings suggest that oligomeric/polymeric hydronitrogen compounds can be kinetically stable (i.e., metastable) at ambient pressure, while these materials become increasingly thermodynamically stable at high pressures suggesting that there can be planetary ices that could be distinct from the more commonly assumed ammonia.
II. MATERIALS AND METHODS
Molecular nitrogen and hydrogen were mixed in a highpressure cylinder at 5-10 MPa. The sample composition was estimated based on the initial partial pressures. Based on this estimation, our samples of N x H had composition x in the range of 0.5-1.5. Well homogenized molecular mixtures (homogenized over several days) were loaded in a symmetric diamond anvil cell at 200 MPa at room temperature. Then, the pressure was increased slowly and the samples were probed by in situ micro Raman and optical spectroscopy in visible and IR spectral ranges and synchrotron x-ray diffraction (XRD) (see below). The reaction products were unloaded at 297 and 80 K and the same techniques were used to monitor the recovered samples.
Raman studies were performed using 488 and 532 nm lines of a solid-state laser. The laser probing spot dimension was 4 µm. Raman spectra were analyzed with a spectral resolution of 4 cm −1 using a single-stage grating spectrograph equipped with a CCD array detector. Optical absorption spectra in the visible and IR spectral ranges were measured using an all-mirror custom microscope system coupled to a grating spectrometer equipped with a CCD detector. 22 X-ray diffraction measurements were performed at the undulator XRD beamline at GeoSoilEnviroCARS (GSECARS), APS, Chicago 23 and Extreme Conditions Beamline P02.2 at DESY (Germany). Typical X-ray beam size in all the experiments was 2-5 µm.
The high-pressure photochemistry was triggered by UV and visible radiation with ultra-short pulses (370, 580, and 720 nm) provided by an optical parametric amplifier (Coherent OPerA) with input pulses generated from a femtosecond oscillator combined with chirped pulse amplification (Coherent Mantis and Legend Elite). The radiation was focused in a spot of approximately 10 µm in diameter with an average power of 200 µW and the sample was irradiated for a few hours prior to analysis.
Predictions of stable phases were done using the USPEX code in the variable-composition mode. 24 The first generation of structures (up to 32 atoms per the primitive cell) was produced randomly and the succeeding generations were obtained by applying heredity, atom transmutation, and lattice mutation operations, with probabilities of 60%, 10%, and 30%, respectively. 80% non-identical structures of each generation with the lowest enthalpies were used to produce the next generation. All structures were relaxed using density functional theory (DFT) calculations within the Perdew-Burke-Ernzerhof (PBE), 25 as implemented in the VASP code. 26 Further Ab Initio Random Structures Searches (AIRSS) 27 were performed using the CASTEP code 28 with very similar results (the unit cells with up to 38 atoms were explored), and producing the structure which shows fair agreement with the experimental diffraction data.
III. RESULTS AND DISCUSSION
Raman spectroscopy, synchrotron XRD, and visual observations show that the mixture of molecular N 2 and H 2 remains a single-phase fluid up to 9-11 GPa and solidifies at higher pressure ( Fig. 1(a) ). The solid alloy forms crystallites (∼10 µm) (Fig. 2) ; the Raman microprobe shows qualitatively similar spectra at various positions, which for some grains differ slightly in the Raman peak intensity, suggesting that the composition of crystallites can vary spatially. Given the complexity of the Raman spectra which cannot be described as a superposition of molecular N 2 and H 2 and the presence of the low-angle Bragg peaks in X-ray diffraction (see Figs. 1(b) and 3), this material can be characterized as a van-der-Waals (vdW) crystal with a large unit cell (see also Refs. 17 and 18); the crystal structure of this material will be reported elsewhere. Raman spectra of these materials show a variation of the vibron bands depending on composition ( Fig. 1(b) ), suggesting the existence of several different vdW compounds.
Above 47 GPa, substantial changes in the material vibrational and structural properties have been revealed by Raman, IR, and optical spectroscopy, as well as XRD (Figs. 4-6 ). The sample changes its appearance: it becomes yellowish as the optical bandgap develops in the visible near 2.5 eV and the micrograin structure changes (Figs. 2 and 5 ). Our Raman, optical, and X-ray microprobes show almost uniform properties of this material on a length scale of several micrometers (cf. Ref. 16 ). Above 47 GPa, Raman and IR observations showed time dependent responses with characteristic times of hours and even days (Figs. 4(a) and 4(b) ). The most striking feature is a strong decrease in intensity of the vibron spectra of H 2 and N 2 . The hydrogen vibron modes and the low-frequency rotational bands totally disappear suggesting a completion of the chemical reaction. A new system of broad bands appears at high pressures. One of these bands is slightly lower in frequency and much broader compared to the ν 2 N 2 vibron mode ( Fig. 4(a) ); the others have very different frequencies. Strong Raman and IR modes are observed near 3350, 1680, 1080, and 1300 cm −1 (Raman only) (Figs. 4(a) and 4(b) ). Based on their frequencies, these bands can be tentatively assigned to the stretching and deformation (scissoring and rocking) N-H modes, and stretching N-N modes (see, for example, Ref. 29 for the mode assignment in hydrazine N 2 H 2 , which has a similar chemical structure), respectively. In addition, a broad FIG. 4 . Raman and IR spectroscopies of materials synthesized using baro-and photo-chemical reactions. In (a) and (b), the Raman and IR spectra evolution is shown to illustrate the reaction kinetics at 47-53 GPa. The Raman spectra at 53 GPa have been measured 4 days after measurements at 47 GPa; the pressure has only slightly increased during this time; time dependent changes have been observed at nominally constant pressure in Raman and IR experiments (b). The insets in (a) show details of the N 2 and H 2 vibron spectra. In (c), the two top curves correspond to the material synthesized above 47 GPa (red) and unloaded down to 15 GPa (blue); the bottom experimental curve (green)-to UV irradiated material. In (b), the spectral areas of large diamond anvil absorption are masked by boxes.
low-frequency strongly pressure dependent mode has been observed ( Fig. 4(c) ), which, based on this behavior, should be assigned to lattice translational/libration motions. X-ray diffraction patterns drastically change through the transition at 47 GPa, where narrow Bragg reflections of the mixed N 2 -H 2 crystal phase disappear and are superseded by two systems of diffraction peaks: narrow and broad (Fig. 6) .
Application of tightly focused pulsed radiation (370-720 nm, diameter ∼4-6 µm) causes a similar transformation to occur at much lower pressure just after solidification (>10 GPa). Based on null observations from focusing continuous wave lasers (488 and 532 nm) and expanded femtosecond pulses (diameter ∼20-30 µm) on the sample, this is thought to be a multi-photon process. We speculate this process involves avalanche photoionization followed by photoelectrons transfer energy into the lattice and finally energy induced chemical reaction Fig. 4(c) (green curve). The complete transformation was difficult to establish even after a prolonged irradiation; thus, the new material coexists with unreacted sample in the high-pressure cavity (Fig. 4(c) ). In contrast to the materials synthesized at high pressures (>47 GPa), that show a wide bandgap (Fig. 5) , the irradiated material appears to be opaque and there are differences in relative intensities of the Raman bands (Fig. 4) . Upon decompression at room temperature, the new phase stays intact down to 3.5 GPa, even though the surrounding unreacted material transitions back to liquid.
Vibrational spectroscopy data provide rather tight constraints on the chemical structure of the high-pressure phase we have synthesized. The absence of the H 2 roton and vibron modes clearly shows that the synthesized material does not have any H 2 molecules, free or weakly bounded. Given the vibrational frequencies observed, the data clearly indicate the formation of either oligomeric or polymeric single-bonded N-N chains (backbone) with the attached hydrogen atoms, as our Raman and IR spectra clearly reveal the formation of N-H (stretching and deformation) and N-N (single) bonds (Fig. 4) . A more detailed comparison of experimentally observed IR and Raman frequencies with those calculated theoretically (see below) confirms this assignment. This interpretation explains all the observed Raman and IR modes (Fig. 4 ) and the absence of the H 2 roton and vibron modes with the exception of a broad, slightly red-shifted N 2 vibron mode described above (Fig. 4(a) ). This broad band has been tentatively assigned to the presence of guest N 2 molecules embedded in the high-pressure phase matrix and/or nanosized (crystalline) nitrogen. A terminal triple bond vibration of N 8 complex predicted theoretically in Ref. 5 is expected at 2169 cm −1 (at 0 GPa), which is much lower than observed here (albeit at high pressures).
Additional information about the chemical structure of the synthesized products can be obtained based on the N-N FIG. 6. X-ray diffraction of a high-pressure phase at 50-55 GPa. (a) A broad diffraction peak which supersedes narrow diffraction peaks at lower pressures (Fig. 3) , the Compton background has been subtracted, the N:H composition is estimated based on the initial N 2 : H 2 composition, barochemistry has been used in all experiments except for the 1:1 composition probed at GSECARS (the bottom curve): it was also irradiated at 10-12 GPa; (b) experimental diffraction pattern with narrow diffraction lines extracted from the 1:1 composition experiment at DESY in comparison to the computed patterns of the theoretically predicted N x H structures at 50 GPa, this work and Ref. 12 . Low-intensity low-angle Bragg peaks for the theoretically predicted TTZ P2 1 /c structures are marked by small vertical arrows. The patterns are plotted as a function of the scattering vector Q = 4π sin(θ)/λ, where 2θ is the diffraction angle, and λ is the X-ray wavelength (0.2893 Å at DESY and 0.3344 Å at APS); (c) the projections of the computed structures illustrating the presence of molecules and/or indefinitely long N-N chains. stretch vibrational frequency( Fig. 7(a) ). We used the high pressure behavior of hydrazine (H 2 N-NH 2 ), which has similar vibrational spectra, as a reference. We find that the N-N stretch mode frequency of the material synthesized at high pressure is somewhat higher than that of hydrazine, while the same mode of the UV irradiated product is very close in frequency to hydrazine (Fig. 7(a) ). Based on analogy with the better studied C-H system, where the C-C stretch frequency depends on the length of the -C-C-chain, 31 we suggest that the material synthesized at high pressure is oligomeric or polymeric (at least tetrameric), while that synthesized using UV irradiation consists of shorter N-N chains. Moreover, we find that the material unloaded to ambient pressure at low temperatures (80 K) shows the reduced value of the N-N stretch mode frequency ( Fig. 7(a) ), which is consistent with shortening of N-N chains at lower pressures.
The Raman and IR bands of newly synthesized N-H materials are broadened compared to common molecular solids (e.g., hydrazine), which suggests either large pressure gradients or due to compositional or structural defects. The latter is consistent with the fact that the transformation has been accomplished at room temperature, and thus has been a subject of kinetic and or steric hindrance (e.g., Ref. 32) . We propose that this could result in the stacking defects as the formation of N-N long chains can be directionally frustrated. However, the presence of narrow diffraction lines in some experiments (Fig. 6) suggests that a long range order has been formed at least in some regions of the sample. Our attempts to anneal the stresses and inhomogeneities using gentle laser heating (<1000 K) caused the high-pressure phase to decompose; the obvious reaction product was molecular N 2 .
The analysis of the diffraction patterns at 55 GPa (Figs. 6 and 8) shows that broadened XRD peaks correspond to ε-nitrogen 33 at somewhat lower pressure (45 GPa), the broadening being due to nanosized crystallites formed. This is in-line with the observation of broadened Raman N 2 vibron and a lowfrequency lattice mode (Figs. 4(a) and 4(c) ). The remaining (narrow) diffraction peaks were carefully chosen (Figs. 6 and  8) ; however, these data are not sufficient for performing an unequivocal indexing. The comparison of the experimental patterns with the theoretically predicted simulated ones reveals a qualitative agreement with the P2 1 /c TTZ. Apparent discrepancies, like the relative intensity of the low angle peaks (noted with the arrows in Figure 6 ), can be attributed to inherent experimental issues such as (a) errors related to subtraction of N 2 broad Bragg peaks which may affect final relative intensity, (b) strong texturing effects, and (c) possible difference in positional parameters between theory and experiment.
Further insight into possible crystal structure can be given based on theoretical calculations with the predictive power. 27, 34 Polymeric structures in the N-H system become more stable at high pressures (e.g., Ref. 11). Search for the most stable structures with a variable N-H composition using evolutionary and random algorithms (USPEX 35 and AIRSS 27 codes) yielded a variety of different compositions and structures, the majority of which are quite complex and contain a large number of atoms. The detailed report of the study performed using USPEX will be published elsewhere. 36 The detailed examination of the theoretically proposed N x H structures and their enthalpies show that above 40 GPa, in addition to ammonia NH 3 ; the compounds with compositions NH and NH 2 become thermodynamically stable (Fig. 9) . Two N 2 H structures that are very close in enthalpy (P1 and P2 1 /c) consist of N 4 H 2 buckled infinite chains (Fig. 6 ). There are two very close in enthalpy structures for NH compounds: (P1 and P2 1 /c) (Figs. 6, 9, and 10) . Below 55 GPa, the stable one is P2 1 /c, the structure (Fig. 6) , which is similar to TTZ H 2 N-N-N-NH 2 predicted in Ref. 12 . The structure of the second one (called mixed) is more complex: it consists of interchanging layers of N 4 H buckled infinite polymeric chains and N 2 H 5 quasi-molecules (Fig. 6) . The comparison of the experimental and theoretically predicted XRD shows a similarity for P2 1 /c tetrazene structure (Fig. 6 ), but much less resemblance to other structures predicted here and the P2 1 /m structure of Ref. 12 . Moreover, we find that a small strain of P2 1 /c tetrazene structure (within 3.5% in lattice parameters) would make the agreement better (Fig. 6) .
A detailed comparison of the experimental and theoretical Raman and IR spectra (Fig. 11 ) also suggests that P2 1 /c tetrazene is the compound synthesized at high pressures. Based on this comparison, we can safely rule out the N 2 H polymeric compound and NH mixed polymer-dimer structure. However, taking into account a poor agreement of the diffraction data, we cannot completely rule out structures which are more complex or even slightly different from the predicted. Moreover, the material may be a mixture of several phases including those which we have predicted here. This is further supported by the proximity of the enthalpies (Figs. 9 and 10 ). However, we can safely rule out that the synthesized material is a simple mixture of hydronitrogens (known to form at ambient pressure), such as ammonia, hydrazine, and hydrazoic acid as these materials have different vibrational and structural properties at high pressure. 29, 37 We can further speculate that the structural disagreement ( defects, which we have documented (Figs. 4(a) , 4(c), and 8), can also affect the stress and structural state of hydronitrogens.
The high-pressure phase has a large range of (meta)stability as evident from Raman, IR absorption, and X-ray diffraction data which we obtained on pressure release (Fig. 7) . At room temperature, the new phase is stable down to 15 GPa. At lower pressures, the material experiences decomposition, and the Raman and the IR spectra of the reaction products identify them as hydrazine (which we studied in a separate control high-pressure run, see also Ref. 29 ) and molecular nitrogen, N 2 ( Fig. 7(b) ). We have also performed a separate Raman experiment on unloading the high pressure phase at low temperatures (80 K), with the results showing its remarkable stability down to ambient pressure. The Raman bands (especially the N-H stretch modes) at low pressures and 80 K are substantially narrower than at high pressure/temperatures. FIG. 11 . Theoretically computed at 50 GPa Raman (a) and IR (b) spectra of the most stable hydronitrogens in comparison with the experimental data (at 55 GPa) for the compound synthesized at 47 GPa.
Moreover, some bands develop a structure with several components, but, nevertheless, the major spectral components remain supporting the conclusion about the metastability of the highpressure phase (Fig. 7) , although small traces of molecular N 2 , H 2 , and hydrazine are also observed. The Raman band, which is close in frequency to ν 2 N 2 vibron band as well a lowfrequency lattice mode (Fig. 4(c) ), rapidly drops in intensity at 0 GPa (80 K), indicating that these bands stem from interstitial and/or phase separated molecular N 2 . The high-pressure phase rapidly decomposes (observed visually) forming again hydrazine (verified by Raman spectroscopy) on heating above 130 K.
It is remarkable that our experiment shows the transformation at pressures (47 GPa), which is only slightly higher than the predicted theoretically thermodynamic boundary (40 GPa, Fig. 9 ). The energy difference between the oligomeric and molecular states increases sharply below 40 GPa and it accounts approximately 60% of that of cgN at ambient pressure. The reverse transformation was found at about 15 GPa (300 K), suggesting that the experimental equilibrium transition pressure is near 31 GPa. Similarly, theory suggests that cgN is stable above 58 GPa (Fig. 4 , see also Ref. 38) , which is lower than the experimental pressure of 110 GPa. 2 We speculate that N 2 and H 2 molecules, forming a low-pressure inclusion compound (this work and Refs. 17 and 18), are kinetically prone for dissociation and formation of backbone NH chains even at room temperature. Here, we found that these molecules interact with each other in an unusual manner (see also Refs. 17 and 18), forming orientationally ordered inclusion compound that is clearly revealed in Raman vibron spectra (Fig. 1) .
Exposure to intense radiation (primarily in the UV range) creates excited molecular states that reduce the kinetic barriers for chemical transformations because such excited states are less bounded, thus increasing the molecular polarizability and decreasing rotational barriers (e.g., Ref. 13) . Assuming that the lowest-energy electronic excitations correspond to the Lyman-Birge-Hopfield band (see, e.g., Ref. 39) in the range of 9.3-10.2 eV (the ionization limit is near 16 eV) 40 and these molecular electronic excitations shift little with pressure below 10 GPa, we conjecture about the four-phonon absorption mechanism of our photoinduced reaction. This is consistent with extremely low efficiency of the process which we observed and its absence for when a slightly defocusing of the excitation beam was attempted to increase the reaction volume.
IV. CONCLUSIONS
Our combined experimental and theoretical studies of N x H system provide a first unambiguous evidence of novel mechanochemistry and photochemistry which results in formation of oligomeric (or even polymeric) N-N backbone compounds some of which are recoverable to ambient pressure. First-principles DFT (Fig. 9) and simplistic bond energy calculations (Table I) show that materials synthesized here possess an energy yield up to 61% of that of cgN nitrogen depending on the length of the -N-N-chains. This finding enables search for technologically relevant synthesis techniques of such materials which holds a promise to be the choice for fuel of the future. While extreme pressures result in the synthesis of cgN and very moderate pressures result in the synthesis of NH 3 and hydrazine, we show that a combination of pressure, stress, varied composition, and photochemistry offers not only a plethora of hitherto unknown compounds but also a pathway to producing such HEDM materials that can be quenched to ambient pressure-temperature conditions. If stable at high temperature, the synthesized N-H compounds could be present as major components of planetary ices rather than the conventionally assumed ammonia ices. This seems plausible especially in view of the photolyzed reactivity, we observed at much lower pressures in this binary system. 
